Notch signaling is a highly evolutionarily conserved pathway implicated in diverse functions including stem cell maintenance, cell fate specification, cell proliferation, and apoptosis. When membrane-bound Notch receptors recognize ligands of the Delta and Jagged families, they are cleaved by metalloproteases and the -secretase complex, allowing the release of the intracellular domain into the nucleus where it associates with cofactors to control a significant number of targets including the Hes family of genes (Artavanis-Tsakonas et al., 1999; Ilagan and Kopan, 2007) . In the hematopoietic system, Notch is essential for the emergence of definitive hematopoietic stem cells (HSCs) during fetal life (Robert-Moreno et al., 2008) and indispensible for the commitment of progenitors to the T cell lineage (Zúñiga-Pflücker, 2004) . Moreover, Notch1 appears to be the central oncogenic trigger in T cell acute lymphoblastic leukemia (T-ALL) in both humans and mice (Weng et al., 2004) . Indeed, Notch1 (or its regulator Fbw7) is commonly mutated, leading to constitutive activation of the Notch pathway in the majority of T-ALL patients (Malyukova et al., 2007; Maser et al., 2007; Thompson et al., 2007) . In contrast to the T cell lineage where the role of Notch signaling is well defined, there is conflicting information on the role of Notch signaling in the function of adult stem cells (HSCs) and multipotential progenitors and in the myeloerythroid compartment Delaney et al., 2010; Dahlberg et al., 2011) . Initial in vitro studies suggested that Notch signaling accelerates conditional inducible alleles of the active form of NOTCH1 or NOTCH2, as well as in vitro, using recombinant ligandmediated activation, induced rapid cell cycle arrest, aberrant differentiation, and rapid apoptosis of AML cells. Furthermore, genetic inactivation of Notch signaling combined with deletion of the frequently mutated in AML TET2 gene (Abdel-Wahab et al., 2009; Delhommeau et al., 2009 ) collaborated to induce AML-like disease in vivo, strongly suggesting that Notch signaling inhibition is able to promote AML. Our data demonstrate that Notch signaling acts as a tumor suppressor in AML and suggest that Notch reactivation can be used therapeutically in this type of leukemia.
RESULTS
The Notch signaling pathway is silenced in primary AML patient cells To address the possible involvement of the Notch signaling pathway in AML, we first investigated the status of Notch pathway expression in primary AML patient samples. As we previously showed that Notch/-secretase pathway genes are mutated in CMML and that in vivo inactivation of Notch signaling induces CMML-like disease in mice , we focused on acute myelomonocytic leukemias (M4, M4E, and M5 FAB subtypes). We used whole transcriptome data from 187 M4-5 AMLs (Verhaak et al., 2009 ) and compared them with microarrays from normal Lineage-negative CD34 + /CD38  human BM hematopoietic stem and progenitor cells (HSPCs; Gentles et al., 2010) . As expected, normal HSPCs showed expression of Notch target genes including well-characterized HES1, NRARP, DTX1, and HEY1 ( Fig. 1 A) , all direct targets of Notch signaling in hematopoietic cells and other tissues (Palomero et al., 2006; Wang et al., 2011; Ntziachristos et al., 2012) . In contrast, Notch activation signature was not observed in most AML samples. Notch receptors also showed a distinct pattern of expression between AML and HSPCs. Whereas NOTCH1 and NOTCH2 were highly expressed in HSPCs, NOTCH1 mRNA was expressed significantly less in AML samples (Fig. 1 B) . Strikingly, NOTCH2 mRNA retained high expression in AML samples. Interestingly, we were unable to detect "activated" forms of Notch receptors using Western blotting of primary human AML samples (not depicted), supporting our gene expression experiments and the notion of pathway suppression in this type of leukemia. To address the status of Notch activation in putative leukemia-initiating populations, we purified CD34 + /CD38  and CD34 + /CD38 + stem/multipotential progenitor populations from AML patients (Table S2 ) and performed whole genome microarray analysis. We compared expression data from these populations with normal CD34 + BM stem cells and observed that in a fashion similar to our previous experiments ( Fig. 1 A) , Notch target gene expression was also significantly down-regulated ( Fig. 1 C) . These data suggest that Notch signaling is also silenced in human AML-initiating cells.
To gain further insights into the mechanisms responsible for Notch pathway silencing in AML samples, we performed myeloid differentiation (Tan-Pertel et al., 2000; Schroeder et al., 2003) . However, subsequent studies contested this conclusion. Most notably, it was shown that Notch can suppress myelopoiesis in vitro (de Pooter et al., 2006) , and Mercher et al. (2008) reported that Notch signaling can induce megakaryocyte differentiation. We have recently shown that Notch signaling can function as an antagonist of the granulocytemonocyte progenitor (GMP) cell fate and that loss of Notch signaling biases commitment toward GMP differentiation, eventually resulting in chronic myelomonocytic leukemia (CMML; Klinakis et al., 2011) , a myelodysplastic/myeloproliferative overlap syndrome. We also observed inactivating mutations in the Notch pathway in a fraction of CMML patients, suggesting that this pathway is targeted by genetic alterations. These data are consistent with subsequent reports of inactivating Notch pathway mutations in head and neck cancer (Agrawal et al., 2011; Stransky et al., 2011) . However, none of these studies were able to prove that Notch could function as a tumor suppressor in vivo. For example, our data were not able to prove direct involvement of Notch signaling in myeloid disease, as Notch deletion did not lead to transplantable frank myeloid leukemia. They also did not test whether Notch pathway activation can target established disease, something of unique clinical significance.
Acute myeloid leukemia (AML) is a clonal hematopoietic neoplasm characterized by the proliferation and accumulation of myeloid progenitor cells in BM and is the most common acute leukemia diagnosed in adults. Outcomes for AML patients remain poor; despite the use of cytotoxic chemotherapy and stem cell transplantation, most patients die of relapsed, refractory AML (Fröhling et al., 2005) . Cytogenetic and molecular studies have shown that AML is a heterogeneous disease in which a variety of cytogenetic and molecular alterations have biological and clinical relevance (Dash and Gilliland, 2001; Armstrong et al., 2003; Döhner et al., 2010) . These include chromosomal abnormalities, which lead to the generation of leukemogenic fusion oncoproteins, including mixed lineage leukemia (MLL) gene fusions which are associated with adverse outcome. In addition, somatic mutations in tumor suppressors have been shown to contribute to leukemogenesis and improve AML risk classification (Bacher et al., 2010) . However, molecular mechanisms linking these mutations to transformation are incompletely understood, and the role of the most recently identified genes, including TET2, ASXL1, and IDH1/2 in AML pathogenesis has not been fully delineated. Current treatments for AML patients include dose-intensive chemotherapy and stem cell transplantation, which are associated with significant toxicities and high relapse rates. Thus, identification of new signaling pathways of which activation or inhibition will lead to therapeutic targeting of AML cells is of urgent clinical significance.
In this study, we analyzed Notch pathway activation status in cytogenetically normal AML patient samples and demonstrated that Notch signaling is silenced in the majority of AML patients. We were also able to demonstrate that reactivation of the Notch signaling pathway both in vivo, using cells (LICs) were flow-purified and used for whole transcriptome analysis together with WT Lin  Sca-1 + c-Kit + (LSK) cells and NOTCH1-IC-induced mouse T-ALL primary leukemia cells (Ntziachristos et al., 2012) . In mouse MLL-AF9-driven AML, LICs are found in a population phenotypically resembling GMPs but sharing common gene expression with HSCs (Krivtsov et al., 2006) and therefore represent a population of therapeutic importance. Microarray analysis revealed that the Notch gene signature previously used for the study of human AML samples ( Fig. 1) was significantly under-represented in mouse AML LICs. The same genes were, as expected, highly expressed in mouse T-ALL cells ( Fig. 2 A) . The Notch signaling signature was also detected in the LSK population ( Fig. 2 A) . Consistent with observations made in human AML primary samples, NOTCH1 expression was low in mouse AML LICs, whereas the NOTCH2 gene showed an inverse pattern of expression with high expression in LICs (Fig. 2 B) . Extracellular staining using NOTCH1and NOTCH2-specific antibodies followed by FACS analysis confirmed these results at the protein level ( Fig. 2 C) . To gain further insight into mechanisms responsible for Notch signaling silencing in AML LICs, we assessed ChIP followed by massive parallel sequencing (ChIP-Seq) data for the histone marks H3K4me3 and H3K27me3 (Bernt et al., 2011) . Analysis of canonical Notch target genes (Hes1, Nrarp, and Gata3) revealed a significant gain of the H3K27me3 repressive histone mark on each promoter and on gene bodies in the LIC population when compared with the LSK subset ( Fig. 2 D) . This gain of repressive epigenetic mark was directly correlated to gene expression levels ( Fig. 2 E) , consistent with a role for H3K27me3 in repression of Notch pathway gene expression. Interestingly, the NOTCH2 locus did not show a significant increase in H3K27me3 (not depicted). Moreover, H3K4me3 was globally maintained at a high level in LSK and LICs (Fig. 2 D) , suggesting that Notch target genes might be poised for activation. Collectively, these data demonstrate that the Notch signaling pathway is silenced in the MLL-AF9-driven mouse model of AML and that AML LICs specifically express NOTCH2, suggesting that the Notch signaling pathway can be reactivated. chromatin immunoprecipitation (ChIP) followed by quantitative PCR (qPCR) for the H3K27me3 repressive histone mark at known Notch target loci in AML patient samples of different subtypes (Table 1 ) and compared them with WT human Lineage  CD34 + cord blood stem/progenitor cells. All tested AML samples showed a marked increase of H3K27me3 abundance on the promoter of the canonical Notch target HES1 compared with CD34 + cord blood cells ( Fig. 1 D , right) . This increase in H3K27me3 abundance was tightly correlated with down-regulation of HES1 gene expression in AML samples revealed by qPCR ( Fig. 1 D, left) . Increased H3K27me3 was also evident on other canonical Notch target genes including NRARP ( Fig. 1 E, left) and once again correlated with down-regulation of gene expression ( Fig. 1 E , right) . We finally investigated H3K27me3 status of HES1 promoter in the human AML cell line THP1 compared with the Notch-dependent T-ALL cell line DND41. Consistent with our observations in human AML samples, HES1 promoter showed high increase in H3K27me3 in THP1 cells compared with DND41 cells ( Fig. 1 F, right) , and this increase was correlated with a reduced expression of the HES1 gene ( Fig. 1 F, left) . Accumulation of H3K27me3 at the promoter of Notch target genes is consistent with inactivation of this signaling pathway in AML. Collectively, these data show that Notch signaling is silenced in human AML, excluding a "positive" role for Notch signaling in AML disease progression. Additionally, AML cells specifically express the NOTCH2 gene, suggesting that Notch signaling could be reactivated in those cells upon ligand binding to the NOTCH2 receptor.
Notch signaling is silenced in an MLL-AF9-driven mouse AML model
To study in vivo the role of Notch signaling in AML, we used the MLL-AF9-driven AML animal model that shares several common features with MLL translocation-driven human AML (Krivtsov et al., 2006) . BM HSPCs (Lineage  c-Kit + ) were transduced with a retrovirus driving expression of the human MLL-AF9 fusion protein as well as YFP. YFP + cells were then purified and transplanted into lethally irradiated mice together with a radioprotective dose of WT BM. After disease establishment, mice were sacrificed, and leukemia-initiating with tamoxifen. 6 d after tamoxifen administration, a small number of mice was analyzed, and the remaining mice were followed over time for disease progression and survival. Peripheral blood analysis showed a striking reduction in the proportion of YFP + cells and in overall white blood cell counts in NOTCH1-IC-expressing MLL-AF9-positive mice compared with the control cohort ( Fig. 3 A) . Tissue analysis revealed a significant decrease in spleen size ( Fig. 3 C) , and further histological analysis showed significantly reduced tissue infiltration in NOTCH1-IC-expressing mice compared with control mice ( Fig. 3 B, top) . Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay on spleen sections showed a marked increase of apoptotic cells in NOTCH1-IC-expressing cohort ( Fig. 3 B, bottom) ,
In vivo activation of Notch signaling suppresses MLL-AF9-induced AML
We next tested whether reactivation of Notch signaling could suppress AML in vivo. We used a conditional knockin model of NOTCH1-IC (EF1 wt/lsl-N1-IC ) crossed to the tamoxifen-inducible ROSA-creERT2 strain. Upon tamoxifen induction, the Notch1-IC transgene is expressed, leading to constitutive activation of the Notch pathway (Buonamici et al., 2009) . HSPCs from EF1 wt/lsl-N1-IC ROSA wt/CreERT2 and ROSA wt/CreERT2 littermates were transduced with MLL-AF9-IRES-YFP retrovirus, flow-purified, and transplanted into lethally irradiated congenic recipient together with radioprotective BM. 3 wk after transplantation, mice were bled to assess the state of disease progression and subsequently dosed suggesting that Notch activation induces apoptosis of AML cells in vivo. Most importantly, NOTCH-IC induction resulted in a significant decrease of relative proportion and absolute number of LICs (Fig. 3 , D and E) and a significant increase in overall survival compared with control mice (Fig. 3 F ; P < 0.01). These data demonstrate that in vivo Notch reactivation is able to efficiently suppress AML disease progression by inducing AML cell apoptosis.
As AML cells mainly express NOTCH2 receptor on their surface, similar experiments were performed using an inducible knockin allele of NOTCH2-IC (Rosa26 lsl-N2-IC/CreERT2 ). HSPCs isolated from Rosa lsl-N2-IC/CreERT2 and control Rosa wt/CreERT2 mice were infected with MLL-AF9 and transplanted in lethally irradiated congenic recipients together with a radioprotective dose of WT BM. After disease establishment, recipient mice were injected three times with tamoxifen. After tamoxifen injection, YFP + cells as well as white blood cell count were dramatically reduced in Rosa N2-IC+/CreERT2 MLL-AF9-positive mice compared with control cohort (Fig. 3 , G and H). Remaining LICs after tamoxifen injection were sorted and transplanted in sublethally irradiated secondary recipient. 3 wk after transplantation, mice from control cohort (Rosa wt/CreERT2 MLL-AF9 + ) showed highly elevated blood counts with >90% of the peripheral blood cells expressing MLL-AF9 (YFP + ), whereas mice transplanted with Rosa N2-IC+/CreERT2 LICs showed low white blood cell count and low percentage of MLL-AF9expressing cells (Fig. 3 , I and J). Finally, control mice transplanted with LICs purified from Rosa wt/CreERT2 died within 30 d after transplantation, whereas mice transplanted with Rosa N2-IC+/CreERT2 survived ( Fig. 3 K) .
To address potential side effects of Notch2 activation on normal hematopoietic cells, total BM cells from Rosa lsl-N2-IC/wt Ubc-CreER, Rosa lsl-N1-IC/wt , Ubc-creER, and control Rosa wt/wt Ubc-CreER mice were transplanted in lethally irradiated congenic recipients. After engraftment was verified, mice were injected with tamoxifen. As previously reported (Pear et al., 1996) , mice with hematopoietic cells expressing N1-IC developed aggressive T-ALL characterized by the abnormal presence of CD4/CD8 double-positive T cells in the peripheral blood (Fig. 3 L) . Interestingly, mice with hematopoietic cells expressing N2-IC presented with a low abundant transient wave of CD4/CD8 double-positive T cells in the peripheral blood but didn't develop any sign of acute T cell leukemia. Finally, all the mice expressing N1-IC died of aggressive T-ALL within 60 d after tamoxifen injection, whereas almost all mice expressing N2-IC survived without any signs of T-ALL or other adverse effects ( Fig. 3 M) . Collectively, these data demonstrate that in vivo activation of the Notch pathway can suppress established AML and suggest that Notch (and specifically Notch2) agonists could be an attractive therapeutic option.
Notch activation targets LIC differentiation and cell survival
To gain additional information into the mechanisms of Notchmediated AML suppression, LICs from non-tamoxifen-treated EF1 wt/lsl-NOTCH1-IC ROSA wt/CreERT2 and ROSA wt/CreERT2 mice were flow-purified and plated in methylcellulose cultures in the presence of 4-hydroxytamoxifen (4OHT) or DMSO. DMSO-treated LICs showed similar blast colony-forming capacity between EF1 wt/lsl-NOTCH1-IC ROSA wt/CreERT2 and ROSA wt/CreERT2 . However, EF1 wt/lsl-NOTCH1-IC ROSA wt/CreERT2 treated with 4OHT showed a marked decrease of colony number (Fig. 4 B) and loss of blast colony morphology ( Fig. 4 A) . Cytospin of representative colonies followed by Wright-Giemsa staining revealed that NOTCH1-IC-expressing LICs differentiated to more mature cell fates, with morphology resembling macrophages or DCs ( Fig. 4 A) . Annexin V staining revealed an increased proportion of cells undergoing apoptosis ( Fig. 4 C) .
Similar experiments were realized using ROSA lsl-N2-IC/CreERT2 BM HSPCs infected with MLL-AF9 or AML1-ETO (EA9a). Upon 4OHT treatment and N2-IC expression, MLL-AF9-or AML1-ETO-transformed colonies lost their blast colony morphology and showed a marked significant decrease of colony number (Fig. 4 , D and E). Cytospin of representative colonies followed by Wright-Giemsa staining revealed that N2-IC-expressing cells showed morphological changes as they likely differentiated to more mature cell fates ( Fig. 4 D) .
To further investigate Notch-induced AML LIC differentiation, LICs from EF1 wt/lsl-N1-IC ROSA wt/CreERT2 and ROSA wt/CreERT2 mice were flow-purified 6 d after tamoxifen administration and subjected to gene expression analysis. Gene Set Enrichment Analysis (GSEA) revealed that gene signatures characteristic of macrophage and DC differentiation were significantly enriched in LICs expressing NOTCH1-IC (Fig. 5,  A and B ). In addition, unsupervised hierarchical clustering using significantly differentially expressed genes showed that These experiments demonstrated that Notch signaling activation is able to induce differentiation of the AML leukemia-initiating population toward the macrophage and/or DC lineages, eventually leading to cell death and disease regression in vivo.
Recombinant Notch ligands are able to target mouse and human AML cells
The observation that AML primary samples as well as AML mouse cells express NOTCH2 receptor on the surface LICs purified from NOTCH1-IC + mice cluster closer to spleen macrophages than to control LICs (Fig. 5 C) . Further GSEA analysis revealed that LICs expressing NOTCH1-IC down-regulate genes associated with antiapoptotic processes (Fig. 5 A) . Microarray results were validated by qRT-PCR, which confirmed up-regulation of genes associated with differentiation (Adamdec1, Cd74, Mmp9, and Itgax) and Notch signaling (Hes1) and, interestingly, down-regulation of Bcl2, a key antiapoptotic effector (Fig. 5 D) recently proposed to play an important role for the propagation of AML (Vo et al., 2012) . characteristic of cell differentiation (not depicted). Wright-Giemsa staining showed increased presence of differentiated macrophages and DCs in Dll4-Fc-treated cultures (Fig. 6 A) . Cell cycle analysis using Ki67/DAPI staining showed a marked decrease in the proportion of actively cycling cells and a significant increase in cells in G0 and G1 phases of cell cycle (not depicted). Annexin V/7AAD staining revealed a suggested to us that exogenous activation of Notch signaling could be achieved using Notch receptor ligands/agonists. To test this hypothesis, we cultured mouse AML LICs in the presence of recombinant human Notch ligand Delta-like 4 extracellular domain fused to the IgG-Fc fragment (Dll4-Fc) or with control IgG-Fc. 24 h after culture initiation, Dll4-Fctreated LICs showed significant changes in cell morphology qRT-PCR and extracellular antibody staining and found these cells expressed NOTCH2 mRNA and protein but no other Notch receptors or downstream targets (Fig. 7 , A, C, and G). Human AML cell lines THP1 and U937 were then cultured in the presence of Dll4-Fc or control IgG-Fc for 48 h. Dll4-Fc treatment induced apoptosis of cell lines (Fig. 7 , D and I). Morphological observations showed similar trends for cell differentiation as previously observed (Fig. 6 ) in the treatment of mouse LICs (Fig. 7, B and H) . To address whether these effects were specific of Notch activation in myeloid cells and not global toxicity of Notch ligand, we stimulated the Notch-independent T-ALL cell line Loucy with Dll4-Fc or Fc control. Dll4-Fc stimulation was able to induce Hes1 expression ( Fig. 7 L) but failed to induce apoptosis in this cell line ( Fig. 7 K) . These results show that Dll4-Fc-mediated Notch activation induces AML cell line differentiation and apoptosis. Finally, to further prove that these phenotypes are caused by the direct activation of the Notch pathway, we have retrovirally expressed activated forms of Notch2 significant increase of Annexin V-positive cells when stimulated with Dll4-Fc, indicating cell death (Fig. 6, B and C) . Notch signaling pathway activation was further confirmed by qPCR showing strong induction of the canonical target genes Hes1 and Nrarp upon Dll4-Fc stimulation (Fig. 6 D) . These changes in expression were accompanied by loss of the repressive mark H3K27me3 at the promoter of the Hes1 gene ( Fig. 6 E) . Finally, cell surface FACS analysis showed up-regulation of the DC marker CD11c, further confirming induced differentiation in response to Notch ligand treatment (Fig. 6, F and G) . These results using recombinant ligand stimulation were further confirmed using co-cultures with OP9 stromal cells expressing Dll4 mouse Notch ligand. Co-culture of freshly purified LICs with OP9-Dll4 lead to significantly increased apoptosis within 48 h after culture initiation when compared with control co-cultures on OP9 cells (Fig. 6 H) .
We then asked whether Dll4-Fc-mediated stimulation could also impact human AML cells. We investigated Notch receptor expression in the THP1 and U937 AML cell line by (NOTCH2-IC) in THP1. In agreement with all other findings, Notch pathway activation led to significant THP1 cell cycle arrest and apoptosis induction (Fig. 7 , M-P).
To gain further insights into mechanisms responsible for AML cell differentiation and apoptosis, we performed whole transcriptome profiling of untreated or Dll4-Fc-treated THP1 AML cells. As observed previously for in vivo purified mouse AML LICs expressing NOTCH1-IC (Fig. 5) , GSEA analysis showed that THP1 treated with Dll4-Fc up-regulate gene signatures associated with macrophage and DC differentiation (Fig. 8, A and B) and down-regulated gene signatures associated with leukemic stem cell maintenance. Interestingly, THP1 cells treated with Dll4-Fc and mouse LICs purified after in vivo Notch pathway activation shared common gene expression signatures, suggesting a high degree of conservation between mouse and human AML cellular response to Notch agonists ( Fig. 8 B, gene set "Top genes AML LIC N1-IC"). Microarray results were further validated using qRT-PCR. In agreement with previous results using mouse LICs expressing NOTCH1-IC (Fig. 5 ), THP1 AML cells treated with Dll4-Fc up-regulated differentiation-associated genes (ADAMDEC1, CD74, MMP9, and ITGAX) and downregulated BCL2 (Fig. 8 C) . Interestingly, THP1 treated with Dll4-Fc also significantly up-regulated the cell cycle inhibitor p21 (CDKN1A).
Notch reactivation induces human primary AML sample differentiation and apoptosis
These promising results using Notch ligand stimulation of mouse and human AML cell lines led us to then test whether primary cells from AML patients could be similarly affected. AML samples from different subtypes (Table 1) were cultured in the presence of Dll4-Fc or control vehicle in serumfree expansion medium supplemented with cytokines for 24 h. Apoptosis state was then monitored using Annexin V FACS staining. Samples treated with Dll4-Fc showed significant increase in levels of Annexin V staining, suggesting increased programmed cell death (Fig. 8 D) . Additionally, some samples showed altered morphology as already observed for mouse LICs or THP1 stimulated with Dll4-Fc (Fig. 8 E) . NOTCH2 receptor surface expression was confirmed by antibody staining followed by flow cytometry analysis (Fig. 8 F) , and activation of Notch signaling pathway was confirmed by qPCR showing strong induction of the canonical target gene HES1 (Fig. 8 G) . These results show that Notch activation using recombinant ligand can induce AML patient cell differentiation and apoptosis.
Combined Notch and Tet2 inactivation leads to AML-like disease in vivo
All of these experiments suggest a novel tumor suppressor function for Notch signaling in AML. We have recently shown that Notch inactivation leads to a CMML-like myeloproliferative disease (myeloproliferative neoplasm) but is not sufficient to induce AML . We therefore hypothesized that loss of Notch signaling might collaborate with other oncogenic lesions to induce AML and noticed that 80% of CMML patients carrying Notch pathway mutations also harbor inactivating mutations in the TET2 gene, which is frequently mutated in myeloproliferative neoplasm and AML (Abdel-Wahab et al., 2009; Delhommeau et al., 2009; Langemeijer et al., 2009) . We have thus focused on the potential functional collaboration of the two genetic events. We and others have recently shown that genetic inactivation of Tet2 in mice also leads to a CMML-like disease, but not overt AML, in the first 6-10 mo after gene deletion (Ko et al., 2011; Li et al., 2011; Moran-Crusio et al., 2011; Quivoron et al., 2011) . To address whether Notch and Tet2 loss of function could collaborate to induce AML in vivo, we generated compound knockout animals (Ncstn f/f Tet2 f/f ). Deletion of Ncstn and Tet2 was induced using the hematopoietic-specific Vav1-cre deleter strain (Stadtfeld and Graf, 2005) . Peripheral blood analysis of Ncstn / Tet2 / mice at 7 wk after birth showed a significant increase in whole white blood cell counts and absolute number of myelomonocytic cells (CD11b + /Gr1 + ; Fig. 9, A and B) , whereas Tet2 / and Ncstn / control animals showed no signs of induced disease at this early time point ( Fig. 9 B) . Differential counts using Wright-Giemsa-stained peripheral blood smears revealed a high proportion (>20%) of blast-like cells ( Fig. 9 C) , whereas only differentiated monocytes and granulocytes could be observed in Ncstn / or Tet2 / single knockout animals Moran-Crusio et al., 2011) .
Ncstn / Tet2 / compound animals presented with significantly enlarged spleens ( Fig. 9 D) , and histological and FACS analysis of tissues showed massive infiltration of both differentiated and blast-like myeloid cells (Fig. 9, E 
and F; and not depicted). Detailed FACS analysis of the BM myeloid
To address whether the induced disease is transplantable, total spleen tumor cells from Ncstn / Tet2 / or Ncstn / littermate mice (used as control) were transplanted in lethally irradiated congenic recipient mice together with a radioprotective dose of WT BM. Despite myeloid bias that was cell autonomous progenitor compartment showed enlargement of the GMP compartment in both relative proportion and absolute number (Fig. 9, G and H) . Ncstn / Tet2 / compound animals eventually died after a mean of 26 wk after birth, whereas most of the WT, Ncstn / , and Tet2 / littermates survived (Fig. 9 I) . However, it is unlikely that NOTCH2 expression is a "genetic switch" placed on stem and progenitor cells to merely suppress their ability to generate leukemia. Based on our previous study of Notch function in the BM , we believe that defined Notch expression levels and pathway activation can control cellular differentiation during early hematopoiesis. In agreement with this notion, we observed that Notch pathway reactivation led to ectopic differentiation of both mouse and human AML cells toward the macrophage and dendritic lineages. In agreement with these findings, Lewis et al. (2011) have recently suggested key roles for the Notch pathway in the differentiation of DCs from BM progenitors. Further mapping of Notch receptor expression and activation in the BM is essential for the complete understanding of Notch-regulated programs of differentiation during early hematopoiesis.
We have previously shown that Notch signaling inactivation can lead to myeloproliferative disease in mouse models but not overt AML . In an identical fashion, Tet2 mutations lead to similar CMML-like disease that only infrequently develops to AML (Moran-Crusio et al., 2011; Quivoron et al., 2011) . Strikingly, combinatorial silencing of both genes leads to rapid and transplantable disease reminiscent of human AML. At this point, the mechanisms of cooperation between Notch and Tet2 silencing remain elusive. However, two recent studies using DNA methylation and gene expression analyses in human patient samples and a mouse model of myeloid leukemia induced by the IDH1R132H mutant show that several Notch target genes and Notch pathway genes are hypermethylated and silenced in IDH1/2 mutant AML (Akalin et al., 2012; Sasaki et al., 2012) . As it has been shown that IDH1/2 acts upstream of Tet2 and that IDH1/2 and Tet2 mutations are mutually exclusive in AML (Figueroa et al., 2010) , one can hypothesize that IDH1/2 or Tet2 mutations will impinge on a set of Notch targets and help to either maintain their silencing or silence them further. As several Notch target genes are also under the control of multiple transcription factors, hypermethylation of these genes caused by IDH/Tet2 mutations could block their reactivation. This is the first demonstration of genetic cooperation between the two pathways and the first genetic event cooperating with Tet2 loss in vivo. It also suggests that targeting both the Notch pathway and disrupting the aberrant DNA methylation, characteristic of TET2 deficiency (i.e., using hypomethylating agents) could represent a powerful combinatorial therapeutic approach in AML.
In summary, we provide here the first example of antitumor activity of Notch pathway reactivation and suggest that ( Fig. 9 J) , Ncstn / cells failed to induce lethal disease in transplanted mice. Ncstn / Tet2 / splenocytes outcompeted WT support BM and led to elevated blood counts, starting as early as 5 wk after transplantation ( Fig. 9 K) . Approximately 75% of animals transplanted with Ncstn / Tet2 / splenocytes died within 150 d after transplantation, whereas animals transplanted with Ncstn / splenocytes showed increased myeloid cell counts in peripheral blood but did not develop lethal myeloid leukemia (Fig. 9 L) . These results show that silencing of Notch signaling can cooperate with additional genetic lesions and lead to the rapid induction of transplantable myeloid disease reminiscent of human AML and therefore demonstrate that Notch signaling can function as a tumor suppressor.
DISCUSSION
Our study demonstrates that the Notch signaling pathway is silenced in both human and mouse AML and that this suppression is evident also in AML LICs in an MLL-AF9-induced mouse model of AML as well as in the stem and progenitor cell compartment of AML patients that likely contains LICs. We show that Notch pathway silencing in AML is in part caused by increased levels of H3K27me3 on Notch target promoters, a histone mark associated with transcriptional repression. These experiments suggested that Notch pathway inactivation is mediated by reversible epigenetic silencing. Indeed, we were able to show that Notch pathway reactivation, either through inducible expression of Notch-IC transgenes or by treatment with Dll4-Fc fusion molecules, efficiently targets both human and mouse AML, leading to growth inhibition, differentiation, and cell death. Pathway reactivation could thus be an effective therapeutic approach in AML. In agreement with this notion, we demonstrated that AML cells and most importantly AML-initiating cells uniformly express the NOTCH2 receptor, which allows for Notch pathway reactivation. Most importantly, we demonstrate that Notch2-mediated pathway reactivation fails to induce T cell leukemia. This last finding conflicts with an earlier study in which virally driven NOTCH2-IC led to T-ALL (Witt et al., 2003) . However, that was an artificial system that led to nonphysiological expression levels, unlike our monoallelic, Rosa26-driven model used here, which closer mimics the physiological situation. We therefore believe that reversible Notch pathway activation, through NOTCH2 receptor (i.e., using NOTCH2-specific agonistic antibodies), could indeed be a specific, viable therapeutic approach and could also target AML-initiating cells. Similar approaches using NOTCH1-activating antibodies have been previously successfully tested in an animal study of tissue regeneration (Conboy et al., 2003) .
number of WT, Ncstn / , and Ncstn / Tet2 / mice 7 wk after birth. Data represent mean ± SD of three different mice per cohort. (I) Kaplan-Meier survival analysis of mice of the indicated genotypes (n = 4 per cohort). (J) Representative FACS analysis of chimerism and myeloid cells from peripheral blood of mice transplanted with 2 × 10 6 splenocytes from Ncstn / and Ncstn / Tet2 / (CD45.2) and 5 × 10 5 WT support BM cells (CD45.1), 10 wk after transplantation. Two mice per cohort are shown. (K) Evolution of peripheral white blood cell count in the two cohorts of transplanted mice. Data are representative of mean ± SD (Ncstn / cohort n = 6; Ncstn / Tet2 / cohort n = 4). (L) Kaplan-Meier survival analysis of the two cohorts of transplanted mice. 20 mM EDTA, and the nuclei were lysed using the "Nuclei lysis" buffer (50 mM Tis-HCL, pH 80, 10 mM EDTA, pH 8.0, and 1% SDS) followed by sonication (2.5 min in total) using the bioruptor from Diagenode and addition of 9 vol of "IP dilution" buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, pH 8.0, 16.7 mM Tris-HCl, pH 8.0, and 167 mM NaCl) and addition of the magnetic Dynal beads (preclearing of chromatin).
ChIP. We used standard ChIP-Seq procedures (Barski et al., 2007; Wang et al., 2008) adapted to our cell numbers (1-5 × 10 6 cells). The antibody was incubated with the beads for 4 h in IP dilution buffer. The complex was added to the chromatin followed by overnight incubation. The complexes bound on the beads were washed with buffers (wash A: 20 mM Tris-HCl, pH 8, 150 mM NaCl, 2 mM EDTA, 1% wt/vol Triton, and 0.1% wt/vol SDS; wash B: 20 mM Tris-HCl, pH 8, 500 mM NaCl, 2 mM EDTA, 1% wt/vol Triton, and 0.1% wt/vol SDS) having increasing concentration of NaCl, once with wash buffer C (10 mM Tris-HCl, pH 8, 250 mM LiCl, 1 mM EDTA, 1% wt/vol Nonidet P-40, and 1% wt/vol deoxycholic acid), and twice with TE buffer (10 mM Tris, pH 8, and 1 mM EDTA). The precipitated DNA was cleaned with treatment with proteinase K at 65°C overnight and phenol/ chloroform extraction.
ChIP-Seq.
ChIP-Seq analysis of LSK and AML LICs was previously described (Bernt et al., 2011) , and data are available from the GEO database under accession no. GSE29130. BM transplantation assays. 2 × 10 6 total spleen cells from Ncstn / or Ncstn / Tet2 / mice (Ly5.2 + ) and 5 × 10 5 total BM cells from congenic BL6SJL mice (Ly5.1 + ) were transplanted by retroorbital i.v. injections into lethally irradiated (two times 550 cGy separated by 4 h) BL6SJL (Ly5.1 + ) recipient mice. Peripheral blood of recipient mice was collected at 5, 10, and 15 wk after transplant.
Retroviral infection of Lineage  cKit + BM cells and transplantation.
BM cells were enriched for cKit-positive cells using the EasySep kit (STEM-CELL Technologies) and cultured in OPTI-MEM supplemented with 10% FBS, 100 µ/ml penicillin, 100 µg/ml streptomycin, 50 ng/ml of SCF, 10 ng/ml IL6, and 10 ng/ml IL3. For retroviral production, Plat-E cells were transfected with MIG-MLL-AF9 by calcium phosphate method. Virus supernatant was collected 48 h after transfection and used directly for spin infection of cKit-positive enriched BM cells at 2,500 rpm for 90 min. 48 h after infection, lineage-negative GFP-positive cells were sorted for transplantation. 50,000 sorted cell were mixed with 5 × 10 5 total BM cells from congenic BL6SJL mice (Ly5.1 + ) and transplanted by retroorbital i.v. injections into lethally irradiated (two times 550 cGy separated by 4 h) BL6SJL (Ly5.1 + ) recipient mice.
Comparison of N1-IC and N2-IC expression in hematopoietic system. ROSA26-ICN mice were crossed to UbcCreER mice, and BM cells were isolated by flushing bones with a solution of PBS complemented with 3% FBS. 2 × 10 6 total BM cells were resuspended in 100 ml PBS and kept on ice until retroorbital injection into lethally irradiated (two times 550 Gy) WT CD45.2 recipients. 4 wk after reconstitution, ICN expression was induced via three consecutive intraperitoneal injections of tamoxifen daily at a dose of 0.2 mg/g mouse. 2, 4, and 6 wk after the last injection, peripheral blood was analyzed and animals were followed for survival.
In vitro differentiation assays. 500 sorted AML LICs were plated in triplicates into cytokine-supplemented methylcellulose medium (MethoCult 3434; STEMCELL Technologies) in the presence of 250 nM 4OHT or vehicle DMSO. Colony number was scored after 8 d of culture. Cells were recovered 8 d later, stained, and analyzed by FACS as described in Antibodies and FACS analysis.
Cell cultures and Dll4-Fc stimulation.
Mouse AML LICs were cultured in OPTI-MEM supplemented with 10% FBS, 100 µ/ml penicillin, 100 µg/ml streptomycin, 50 ng/ml SCF, 10 ng/ml IL6, and 10 ng/ml IL3 for 24 or 48 h. therapeutic approaches using Notch-activating ligand, agonistic Notch receptor-specific antibodies, or small molecule agonists may have potent activity in the treatment of certain subtypes of AML, particularly acute myelomonocytic leukemias by targeting AML-initiating cells. The specific surface expression of NOTCH2 could potentially maximize specificity of targeting and minimize potential side effects. Moreover, as Notch has been recently suggested to play a tumor suppressor role in several solid tumors (Agrawal et al., 2011; Lobry et al., 2011; Stransky et al., 2011; Viatour et al., 2011) , Notch receptor-specific activation could therefore constitute a novel effective therapy in a wide spectrum of human malignancies.
MATERIALS AND METHODS

Animals.
All animals were kept in the New York University (NYU) specific pathogen-free facility. Genotyping of Ncstn f/f , Tet2 f/f , and EF1a wt/lslN1-IC was performed as previously described Moran-Crusio et al., 2011) . ROSA26-ICN(1-4) mice were generated by insertion of a loxP flanked splice acceptor NEO-ATG cassette with two polyA sites followed by ICN2 into the ROSA26 locus, allowing the ROSA26 promoter to drive expression of the NEO-ATG cassette. Cre recombinase-mediated excision of NEO-ATG results in use of the splice acceptor in the ICN2 cassette and irreversible expression of the transgene. Ncstn f/f and Tet2 f/f mice were crossed to the Vav1-cre deleter strain (Stadtfeld and Graf, 2005) . EF1a wt/lslN1-IC mice were crossed to the tamoxifen-inducible ROSA26-CreERT2 (gift from D. Littman, NYU School of Medicine, New York, NY). Tamoxifen (Sigma-Aldrich) was solubilized in corn oil (Sigma-Aldrich) at a concentration of 20 mg/ml and injected intraperitoneally at 0.2 mg/g body weight. All animal experiments were performed in accordance with the guidelines of the NYU School of Medicine Institutional Animal Care and Use Committee.
Antibodies and FACS analysis. Antibody staining and FACS analysis were performed as previously described . To analyze and isolate AML LICs and GMPs, total BM cells were recovered from flushing the tibias and femurs of mice with PBS supplemented with 3% FBS and 1% penicillin/ streptomycin. BM mononuclear cells were then stained with a lineage cocktail comprised of antibodies targeting CD4, CD8, B220, NK1.1, Gr-1, CD11b, Ter119, and IL-7R. Cells were also stained with antibodies against cKit, Sca-1, FcRII/III, and CD34. Cell populations were analyzed using a FACS Fortessa (BD) and sorted with a FACSAria instrument (BD). All antibodies were purchased from BD or eBioscience. We used the following antibodies: c-kit (2B8), Sca-1 (D7), Mac-1/CD11b (M1/70), Gr-1 (RB6-8C5), NK1.1 (PK136), Ter-119, IL7R (A7R34), CD34 (RAM34), FcRII/III (2.4G2), CD4 (RM4-5), CD4 (H129.19), CD8 (53-6.7), CD45.1 (A20), CD45.2 (104), CD11c (HL3), NOTCH1 (APC conjugated, 22E5; eBioscience), and NOTCH2 (PE conjugated, 16F11; eBioscience). For ChIP, antibodies were purchased from Millipore (H3K27me3) and Active Motif (H3K4me3, Ezh2). Magnetic protein G beads were purchased from Invitrogen.
RT-PCR.
Total RNA was isolated using the RNeasy Plus Mini kit (QIAGEN), and cDNA was synthesized using the SuperScript First-Strand kit (Invitrogen). qPCR was performed using SYBR green iMaster and a LightCycler 480 (Roche) using the primers referenced in Table S1 .
Cell cross-linking and preparation of mononucleosome-containing chromatin. The cells were fixed with 1% formaldehyde for 10 min at room temperature and incubated in buffer A (10 mM Hepes, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , and 0.2 mM glycerol), followed by addition of NP-40 in a final concentration of 0.5% and stirring. The nuclei were isolated by centrifugation and washed once with "digest" buffer (10 mM NaCl, 10 mM Tris-HCl, pH 7.5, 3 mM MgCl 2 , 1 mM CaCl 2 , and 0.1 mM PMSF), followed by incubation with Micrococcal nuclease (from USB) in digest buffer at 37°C to generate mononucleosomal particles. The reaction was stopped with the addition of AML blast staining, purification, and expression analysis of AML samples. Mononuclear cells from AML patients were prepared using Ficoll-Paque Plus (GE Healthcare). Mononuclear fractions were stained with the following fluorochrome-conjugated antibodies (all human and all from BD): CD45RA (MEM56), CD38 (HIT2), CD90 (5E10), CD34 (581), CD123 (7G3), CD3 (S4.1), and CD19 (SJ25-C1). Cells were stained on ice, and dead cells were excluded by propidium iodide staining. Cells were sorted to >90% purity by FACS analysis.
Total RNA was extracted from FACS-sorted AML patient blast populations using the Ambion RNA Isolation kit (Applied Biosystems) and treated with DNaseI (QIAGEN). RNA samples were subjected to reverse transcription, linear amplification, production, and fragmentation of biotinylated cRNA (Affymetrix). 15 µg cRNA from each sample was hybridized to Affymetrix HG U133 Plus 2.0 microarrays.
GSEA.
GSEA was performed using GSEA software (Subramanian et al., 2005;  http://www.broadinstitute.org/gsea/) using Gene set as permutation type, 1,000 permutations, and log2 ratio of classes as metric for ranking genes. The DC and Macrophage differentiation gene sets were generated using a systematic approach based on the comparison of gene expression arrays from WT GMP and splenic macrophages and DCs. Genes that were significantly up-regulated in GMP compared with macrophages or DCs (over twofold induction, P < 0.05) were used to define differentiation signature genes. Other gene sets used in the analysis were taken from gene sets already present in the MSig Database of the Broad Institute or previously published (Somervaille et al., 2009; Lewis et al., 2011; Zuber et al., 2011) .
Statistical analysis. The means of each dataset were analyzed using the Student's t test, with a two-tailed distribution and assuming equal sample variance. Statistical analysis of Kaplan-Meier survival curve was performed using the Gehan-Breslow-Wilcoxon test.
Online supplemental material. Table S1 lists sequence of primers used for qRT-PCR and ChIP. Table S2 lists characteristics of patients used for AML stem cell expression arrays. Online supplemental material is available at http://www.jem.org/cgi/content/full/jem.20121484/DC1.
